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Culture of chondrocytes in alginate and 
collagen carrier gels
Job L C van Susante1, Pieter Buma1, Gerjo JV M  van Osch1-2, Diny Versleyen1, 
Peter M van der Kraan2, Wim B van der Berg2 and George N Homminga1
In this in vitro study, we com pared  th e  potential of 
collagen a n d  alginate gels  a s  carriers for c h o n d ro ­
cyte t ransp lan ta t ion  and we s tudied  th e  influence of 
demineralized b o n e  matrix (DBM) on c h o n d ro c y te s  
in the  gels. C hondrocy tes  w ere  a s s e s s e d  for cell 
viability, p h e n o ty p e  (histology), proliferation ra te  and 
sulfate incorporation.
Collagen gels  sh o w e d  a  significant in c rea se  in cell 
numbers, bu t  the  chondrocy tes  dedifferentia ted  into 
fibroblast-like cells from day 6 onw ards .  In alginate 
gels, initial cell loss  w as found, but th e  cells  main­
tained their typical chondrocy te  pheno type .  
Although th e  total quantity of p ro teog lycans  initially 
synthesized p e r  cell in collagen gel w a s  significantly
higher, ex p ressed  per cell, the  quanti ty  in alginate 
gel eventually su rp a s se d  collagen. No effects  of cul­
turing chondrocytes  in com bination  with DBM could 
be  dem ons tra ted  on cell proliferation and sulfate 
Incorporation,
The collagen and alginate ge ls  have different 
ad v an tag es  as  carriers for ch o n d ro cy te  transp lan ta­
tion. The high proliferation rate of ch ond rocy tes  in 
collagen gel may be an a d v an tag e ,  bu t  th e  preserva­
tion of the  chondrocyte  p h e n o ty p e  an d  the gradual­
ly increasing proteoglycan sy n th es is  In alginate gel 
is a  promising m ethod for creating  a  hyaline cartil­
a g e  implant in vitro.
Departments o f10rthopedics and 2Rheumatology, University Hospital Nijmegen, P.O. Box 9101,6500 HB Nijmegen, 
The Netherlands. Tel+31 24-3614932. Fax -3540230, Correspondence: Dr. P Buma.
Submitted 95-05-28. Accepted 95-09-13
The classical procedure for repairing delec ts  in hyal­
ine articular cartilage is Piiclie drilling; the subchon­
dral bone is perforated to allow undifferentiated ceJJs 
from the medullary cavity to enter the defect. 
However, the fibrous or fibrocartilaginous tissues 
formed arc often o f  poor mechanical quality  (Czitrom 
et al. 1986, Munkin 1986, Kim et al. 19 9 1, Katoh and 
Ulist 1993).
Transplantation o f  isolated chondrocytes into car­
tilage delects, on the other hand, seems a promising 
method for regenerating hyaline cartilage 
(Chesterman and Smith 1968, Bentley and Greer 
19 7 1, Green 1977, Aston and Bentley 1986, Grande 
et al. 1989, Wakitani et al, 1989, !994). ' lb  op tim i/e  
these grafting procedures, chondrocytes can be 
encapsulated in a delivery substance. The suitahilily 
of collagen (Speer et al. 1979, Yasui et al. 1982, 
Kinuira et al. 1984, Wakitani et aL 1980, 1994, 
Seluiman et al. 1995), fibrin glue (Ilay et al. 1987, 
Homminga el a). 1993), hyaluronic acid (Robinson e! 
al. 1990) and alginate (Guo et al. 1989, Alai at» et al. 
1993, Hauselmann 1994) have been evaluated in 
vitro. Irrespective o f  the type o f  implant, there is no 
satisfactory method as yet for fixing a transplant to 
subchondral bone.
Deminerali/.ed bone matrix (DBM ) has dem on­
strated substantial osteoinductive activity, particular­
ly in small laboratory animals (Urist el al. 1975, 
1979, Glowacki el al. 1981a, b, Reddi 1981, Sakano 
et al. 1993). This capacity is probably based on 
growth factors (e.g., bone morphogenetic  proteins; 
BMPs) which arc present in DBM  (Iwata el al. 1993, 
Jortikka et al. 1993, Katoh and Urist 1993, Nalhanson 
1994). The osleo- and chondrogcnic potential of  
DBM in a synovial environment has been confirmed 
in animal experiments by placing D B M  in cartilage 
defects (Billings et al. 1991, Dahl berg and K re ic bergs 
1991). Although the defects were not completely 
filled with repair tissue and not all the tissues were 
hyaline cartilage, a good fixation o f  DBM  to the sub­
chondral bone was observed. 'Thus, theoretically, cul­
turing chondrocytes on top of DBM  has two potential 
advantages; the growth factors deriving from the 
DBM may stimulate chondrocyte proliferation and 
maintenance of the typical chondrocyte  phenotype 
and, secondly, DBM may enhance the consolidai ion 
of the implant to the subchondral trabecular bone.
In this in vitro study, we focused on the potential o f  
collagen type I and alginate gels as carriers o f  chon­
drocytes in future transplantation studies and we test­
ed lbe effects of DBM on chondrocyte behavior in the 
two culture systems. Alginate, a linear polysaeeha-
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ride isolated from brown algae, is a linear co-polymer 
of two uronic acids, L-guluronic and D-manumnie 
ucid linked by 131,4 and a i ,4  glucoside bonds. In the
presence of divalent cations such as Ca++, the poly­
mer undergoes instant ionotrophic gelation (Guo et
al. 1989).
Material and methods 
Preparation of DBM
DBM was prepared From rabbit long bones, accord­
ing to the method described by Urist (Urist et al. 
1975, 1979). Rabbits were used because the quantity 
of DBM for each culture could easily be standard­
ized. Both tibias and femurs from each animal were 
dissected under sterile conditions and, after removal 
of the epiphyses, periosteum and bone marrow, the 
specimens were cut into pieces of 1,5 cm. The bones 
were demineralized with 0.6N MCI for 24h al 4 °C 
and continuous stirring. Samples were rinsed repeat­
edly with deionized water at 4 °C until the pH of the 
wash matched that of water. They were then defatted 
with a 1:1 mixture of chloroform and methanol at
4 °C for 1 h and then rinsed again. Finally, the prep­
arations were lyopliilized and stored on silica gel 
under sterile conditions.
Chondrocyte isolation
Cartilage was harvested under sterile conditions from 
bovine metacarpophalangeal joints. Two joints from 
different animals were used for each experiment in 
order to reduce inter-experimental variation. Cells 
were isolated by incubation for an initial 2 h period in 
RPMI DM culture medium (Flow Laboratories, 
Irvine, UK; supplemented with I mM pyruvate and 
1.2 % gentamycin) with 0.2% promise E (Sigma, St. 
Louis, MO, U.S.A.), followed by overnight incuba­
tion in a medium with 0 . 1% eollagenase B (0.94 
l.U./mg, Boehringer Mannheim, Germany), at 37 °C, 
with 95% air and 5% CO-,. After incubation, the sli- 
ces of cartilage had almost completely been digested. 
Undigested fragments were removed by passing the 
solution through a nylon mesh, Isolated cells were 
washed 3 times by centrifugation and re suspended in 
30 mL RPMI DM. Cell number and viability were 
assessed in a hemocylometer alter staining with try­
pan blue, To obtain the appropriate cell number for 
culturing, a calculated volume of solution was separ­
ated aiid centrifuged.
Cultures in collagen gel
Collagen type I was isolated from rat tail tendon 
(Schor 1980, Schuman et al. 1995), Cells were dis­
persed in 7 volumes of cooled collagen solution (8 
mg/mL in 0,05% acetic acid, ultraviolet light steril­
ized), two volumes of 3x concentrated DM EM medi­
um and one volume of 0.2 M Hopes (Boehringer 
Mannheim, Germany) to a concentration of 2 x  106 
cells/mL. 24 Wells plates were precoated with 0,3 mL 
collagen gel. 3 pieces of DBM (4 mm diameter and 
about 0.5 mm thick) were punched out and placed on 
the bottom half of the culture discs: 0.5 mL samples 
containing chondrocytes were put on top and allowed 
to gel at 37 °C. Gels were overlaid with 2 .0  mL RPMI 
DM containing 10% fetal calf serum (FCS). The 
medium was changed every other day.
Cultures in alginate gel
Low viscosity alginate (1.2%; Kellone LV, Kelco, 
Chicago, IL, U.S.A.) was dissolved in physiological 
saline and autoclaved at 115 °C for 20  min. Pelleted 
chondrocytes were suspended in the alginate solution 
(2 x  106 cells/mL) and sampled as described for col- 
agen. The alginate-chondrocyte suspension was 
allowed to gel by carefully adding a small aliquot of 
102 mM CaCl2. Gelation occurred instantly and after 
removal of the remaining CaCl2, the gel was washed
4 times with physiological saline. DME/HatrTs F 12 
( i ; i )  culture medium (Gibco, Grand Island, NY, 
U.S.A.) was used, supplemented with 10% FCS.
Sample analyses
Cell morphology was examined daily, using an 
inverted microscope. On days 2 , 6 , 9, and 12, cells 
were harvested to assess growth rate, phenotypic 
expression, viability and matrix production. At each 
time interval, 3 samples from different wells were 
obtained to estimate each metabolic parameter. 
Examinations were performed 4 times with chon­
drocytes from 2 different animals in each experiment 
to ensure reproducibility.
Growth rate and viability
Chondrocytes were recovered from the collagen gels 
by incubation with 1.0 mL 0 ,1% eollagenase B in 
RPMI DM for 120 min at 37 °C. Alginate was dis­
solved by the addition of 1.0 mL 55 mM sodium cit­
rate in 0,15 M NaCl. The recovered cells were count­
ed in a hemocylometer and their viability was esti­
mated with the trypan blue exclusion lest,
Matrix production
7b quantify proteoglycan synlhesis as a measure of 
matrix production, cultures were overlaid with fresh 
medium containing |*^ \S (sulfate (Du Pont de 
Nemours, Vllerlogenbosch, the Netherlands) at a 
final concentration of 5 pCi/mL. Alter an incubation
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period of 3h, gels were sepawled from the medium 
and stored at ~7() °C until required. After thawing, 
gels were dissolved, using either collagenase B or 
sodium citrate, as described previously. Cetylpyri- 
dinium chloride (CPC, Sigma; 0.1%) was added to 
the disintegrated gels and incubated overnight at 
37 °C. The precipitate was washed with 0.05% CPC 
until the supernatant showed less than 100 cpm of  
radioactivity. The pellets of precipitated and washed 
proteoglycans were solubilized with Lumasolve 
(Perstorp Analytical, Oud-Beijerland, The 
Netherlands) for 3 b at 60 °C and analyzed, using liq­
uid scintillation counting. From the total amount of 
proteoglycans synthesized, as determined with ^ S -  
ineorporation in combination with the cell number 
per gel, we could also calculate the matrix production 
per cell.
Histology
For light microscopy, gels were fixed in a 0.1 M 
phosphate-buffered (pH 7.4) solution of 1% parafor­
maldehyde and 1.25% glutaraldehyde, dehydrated in 
alcohol and embedded in polymethylmethacrylate. 
Sections (7 pm) were stained with hematoxylin eosin 
(HE) and alcian blue. For electron microscopy, pel­
lets were fixed in a mixture of 0 .2 % alcian blue, 0 .2 % 
ruthenium red, 2.5% glutaraldehyde in 0.1 M cacod- 
ylate buffer (pH 7.2). After4 hrs, the gels were rinsed 
in the same buffer and postfixed in the same mixture, 
but without glutaraldehyde. After a second rinse in 
the buffer, the gels were postfixed in 1% 0 s0 4, 0 .2 % 
alcian blue, 0.2% ruthenium red and 0.05 M cacodyl- 
late buffer for 4 hrs. Subsequently the gels were 
rinsed again in buffer, dehydrated with alcohol and 
embedded in Epon 812. To prevent the alginate beads 
from dissolving, 5 mM CaCl2 was added to all solu­
tions. Semi-thin sections (2 pm) were counterstained 
with toluidine blue. Adjacent ultra-thin sections were 
mounted on oval 2 mm one-hole grids, stained with 
uranyl acetate and lead citrate and examined with a 
Philips 301 electron microscope.
Statistical analysis of the results was performed 
using the rank sum t-tesl.
Results
Cell number and viability
The viability of chondrocytes in collagen gel was in 
excess of 95% directly after isolation. The gels 
showed an increase (p < 0 .01 ) in the number of cells 
with time (Figure 1). In alginate gels, the viability 
was initially 80-90% on day 2, but the number stayed 
stationary thereafter (Figure 1). Culturing on top of
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Figure 1. Growth curve of chondrocytes In collagen with (•) 
and without (O) DBM or alginate with (■) and without (I I) 
DBM, plotted against culturing time. A typical example of 1 out 
of 4 experiments is presented. At least 3 samples were 
obtained after each time interval. Note the increase in celi 
number in collagen gel.
DBM had no effects on the growth rate or viability of 
the chondrocytes (Figure 1).
incorporation study
Larger quantities (p < 0,01) o f  proteoglycans were 
synthesized from chondrocytes cultured in eolhtgen 
than in alginate gels (Figure 3). In collagen gels 3'\S 
incorporation increased with time for 12 days and 
gradually reached a stationary phase. A similar trend 
was found in alginate, but it started at a lower value. 
The addition of DBM caused no increase in matrix 
production in both types of gel (Figure 2).
Initially, more proteoglycans, expressed per chon­
drocyte, were synthesized from chondrocytes in col­
lagen gel than in alginate gel (Figure 3). However, in 
collagen gel, matrix production decreased from day 
6 , whereas in alginate gel on day 6  il was still increas­
ing. Subsequently» proteoglycan synlhesis in alginate 
gel, expressed per chondrocyte, surpassed lhat in col­
lagen gel on day 6 . Again DBM showed no improve­
ment in culturing conditions.
Morphology
Daily assessment with an inverted microscope and 
histology showed that the isolated chondrocytes were 
homogeneously distributed throughout the gels after 
suspension. Initially, chondrocytes had the same typ-
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Figure 2. Typical example of the quantity of proteoglycans 
synthesized against time determined with 35S incorporation, 
for coltagen with ( • )  and without (O) DBM and alginate with 
(■) and without (□) DBM. At least 3 samples were examined 
at each time interval.
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Figure 3, Proteoglycan synthesis per cell plotted against cul­
ture time for collagen with ( • )  and without (O) DBM and algi­
nate with (■) and without (l"J) DBM. Results calculated from 
the data obtained from Figures 1 and 2.
ical polygonal shape in both gels. After 2 days of cul­
ture, many of the cells had become surrounded by a 
small territorial matrix which stained with alcian blue 
(Figure 4). The size of this region increased slightly 
until day 6 . However* from day 6 onwards, morpho­
logical changes became apparent in the collagen gel. 
Chondrocytes gradually flattened, formed elongated 
cytoplasm a lie extensions and dedifferentiated into 
fibroblast-like cells, with little or no matrix around 
them. Clusters of chondrocytes were scarce in the 
collagen gels.
In alginate, chondrocytes maintained their charac­
teristically differentiated, rounded, chondrocyte mor­
phology throughout the culture period, Initially, a 
fairly large percentage of the cells in culture was 
shrunken with necrotic cytoplasm and pycnotic 
nuclei. No matrix staining was observed around these 
cells. The alginate directly surrounding the viable 
cells after 2 days showed a diffuse blue staining. 
Alcian blue staining around the cells increased both 
in surface area and in intensity throughout the culture 
time. After 6  days, many cell clusters appeared. 
Directly around the cells in the clusters, the produced 
matrix showed a more irregular pattern, as if the pro­
duced components were aggregated (Figure 4).
Electron microscopy confirmed these observa­
tions. During the culture period, an irregular, non- 
structure d matrix had formed around the chondrocyte 
cultures in collagen gel. From day 6 onwards, the
cells showed long cytoplasmic extensions and were 
surrounded by smaller quantities of matrix. In algi­
nate gels, the cells maintained their rounded appear­
ance. As the duration of the culture time increased, 
the intensity of the alginate gel staining increased due 
to matrix production. Occasionally, collagen-1 ike 
structures were found in the matrix (Figure 5).
Discussion
Although collagen type II, instead of type 1, is manly 
present in hyaline cartilage, type II collagen gels do 
not give better results as a delivery substance 
(Malemud el al. 1994). We are not sure whether 
dedi lie rent iat ion will have a negative influence on 
implant behavior after transplantation. However, it is 
known that a loss of chondrocylo morphology results 
in compromised matrix production (inferior quantity 
and biomechanical quality; Aulthouse el al. 19H9). 
On the other hand, the chondrocyte proliferation rate 
in collagen gel is high and as it has been found that 
dedifferentiated cells can retain their original pheno­
type if placed in the correct environment (Coon 1966, 
Buschmann el al. 1992, Wakitani el al. 1994), dedif- 
ferentiation with a high proliferation rate in collagen 
could ultimately have favorable effects. Thus, the 
rapidly increasing viable cell number in collagen gel, 
together with proven bioeompatibility (Wakitani el
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Figure 5. Electron microscopy of chondrocytes cultured in collagen gel and alginate.
A. 6 days of culturing in collagen gel. Chondrocytes produced a pericellular layer of matrix, 
without clear morphological characteristics, x2500,
B. Enlargement of A. x20,000.
C. Cell In alginate, 3 days after Isolation. Pericellular matrix is accumulating (arrows). x6000. 
Note banded structure at some distance from the surface of the cell (arrowhead).
D. Enlargement of C. x20,000.
[rations during gelation, especially as it occurred 
mainly during (he first few days of culture. However, 
the diffusion rate o f nutrients into the relatively dense 
porous structure o f  alginate gel could also he a limit­
ing factor. The maintenance of typical chondrocyte 
morphology and lhe steady increase in matrix pro­
duction indicate that alginate provides a good envi­
ronment for chondrocyte cultures, hut further in vitro 
studies are needed to investigate the bioeompatihility 
o f such an implant. Although not tested in this study, 
we believe that greater pericellular matrix formation 
will increase the mechanical slrenglh of the implant, 
as has been observed in agarose cultures (Buschmann 
et al. 1992),
Chondrocytes could easily be cultured in combina­
tion with DBM, but no effect on matrix production 
was observed in either the collagen or alginate gels.
in vivo, because remodeling of the DBM fragments 
will result in the actual release of chondrogenic 
growth factors present. In vitro experiments (prelimi­
nary unpublished data) showed that the matrix pro­
duction of chondrocytes in alginate can he stimulated 
by insulin-like growth factor and transforming 
growth faetor-B. The tendency for DBM to remodel 
in an articular cartilage defect and to become incor­
porated into the subchondral bone has already been 
demonstrated by Billings el al. ( 1991 ). Future animal
Acta Orthop Scand 1995; 66 (6): 549-556 555
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experiments may be able to establish whether a com­
posite transplant of chondrocytes wilh DBM results 
in belter fixation of the graft and in repair tissue 
which more closely resembles hyaline cartilage.
References
Aston J E, Bentley G. Repair of articular surfaces by allo­
grafts o f  anicular and growth-platc cartilage. J Bone Joint 
S u rg (B r)  1986; 6 8 ( 1 ); 29-35.
Atalnta A, Cima L G, Kim W, Paige K T, Vacant i J P, Retik 
A B, Vacanti C A. Injectable alginate seeded with chon­
drocytes as a potential treatment for vesicoureteral reflux. 
J Urol 1993; 150: 745-7.
Aulihouse A L, Beck M, Griffey E, Sanford J, Arden K, 
Machado M A, Horton W A. Expression of the human 
chondrocyte phenotype in vitro. In Vitro Cell Del Biol 
1989; 25 :659-68.
Ben I ley G, Greer R B, Homotransplantation of isolated 
articular and epiphyseal chondrocytes into the jo in t  sur­
faces of rabbits. Nature 1971; 230: 383-5.
Billings E, von Schroeder H P, Mai M T, Aratow M, Amiel 
D, Woo S L Y  Coutls R D. Cartilage resurfacing o f  tJie 
rabbit: the use of an allogeneic demine rail zed bone 
matrix■-aulogeneie perichondrium composite implant. 
Acta Orthop Scand 1991; 61 (3): 2 0 1 -6 .
Burgess L P A, Goode R L, Injectable collagen. Facial Plast 
Surg 1992; 8 : 176-182.
Buschmann M D, Gluzband Y A» Grodzinsky AJ , K imura J
H, Hunziker E B, Chondrocytes in agarose culture syn­
thesize a mechanically functional extracellular matrix. J 
O n hop Res 1992; 10 : 745-58.
Chesierman P J, Smith A U. Homotransplantation o f  articu­
lar cartilage and isolated chondrocytes. An experimental 
study in rabbits. J Bone Joint Surg (Br) 1968; 50: 184-97.
Coon H G. Clonal stability and phenotypic expression of 
chick cartilage cells in vitro. Proc Natl Acad Sei USA 
1966; 55 (1); 66-73.
Czitrom A A, Langer F, McKee N, Gross A  E. Bone and car­
tilage allotransplantation: a review of 14 years o f  research 
and clinical studies. Clin Orthop 1986; 208: 141-5.
Dahlberg L, Kreicbei'gs A. Demineralized allogenic bone 
matrix for cartilage repair. J Orthop Res 199!; 9: 11-9.
Glowaeki J, Altobelli D, Mulliken J B, Fate of mineralized 
and dc mineralized osseous ini pi ants in cranial defects.
Calcif Tissue Int 1981a; 33 (1): 7 1-6 .
Glowaeki J, Kaban L B, Murray J E, Folkman J, Mul liken J
B. Application of the biological principle o f  induced oste­
ogenesis for craniofacial defects. Lancet 1981b; 1 (8227):
959-62.
Grande DA, Pitman M I, Peterson L, Menehe D, Klein M. 
The repair of experimentally produced delecls in rabbit 
articular cartilage by autologous chondrocyte transplan­
tation, J Orthop Res 1989; 7; 208-18.
Grandolfo P, D ’Andrea P, Paoletti M, Martina M Silvestrini
G, Bonucci E, Vittur F. Culture and differentiation of 
chondrocytes entrapped in alginate beads. C alc if  Tissue 
int 1993;52 :42-8 .
Green W G. Articular cartilage repair. Behaviour o f  rabbit 
chondrocyte.s during tissue callurc and subsequent allo­
grafting. Clin Orthop 1977; 124:237-50.
Guo J, Jourdian G W, MaeCallum D K. Culture ami growth 
characteristics o f  chondrocytes encapsulated in alginate 
beads. Connect Tissue Res 1989; 19:277-97,
Hauselinami H J, Fernandes R J, M ok  S S, Schmid T M, 
Block J A, Aydeloltc M B, Kuetuier K E, Thenar EJ-MA. 
Phenotypic stability of bovine articular chondrocytes 
after long-term culture in alginate beads, J Cell Set 1994; 
J 07: 17-27,
Homminga, G N, Buma l\  Koot H W  J, Van der Kraan PM, 
Van den Berg W  B. Chondrocyte behavior in fibrin glue 
in vitro. Acta Orthop Scand 1993; 64: ¿141-5.
Ray S, Abramoviei A, Nevo Z. Use o f  cultured embryonal 
chick epiphyseal chondrocytes as grafts for delects in 
chick articular cartilage* Clin O rthop  1987; 220:284-303.
lwata II, Ono S, Sato K, Sato  T, K aw am ura  M. Hone mor­
phogenetic protein-induced m uscle-  and synovium- 
derived cartilage differentiation in vitro. Clin Orlhop 
1993; 296; 295-300.
Joriikka L, Marttinen A, Lindliolm T  S, Partially purified 
reindeer (rangiter tarandus) bone morphogcnetic protein 
hits a high hone-forming activity compared wilh some 
other artiodaetyls. Clin O rlhop 1993: 297: 33-7.
Katoh R, Urisi M R. Surface adhesion and attachment fac­
tors in bone morphogenetic protein-induced chondrogen- 
esis in vitro, Clin Orthop 1993; 295: 295-304.
Kim H K W, Moran M E, Salter R B. The potential for 
regeneration o f  articular cartilage in delects created by 
chondral shaving and subchondral abrasion. J Bone Joint 
Surg (Am) 1991; 73: 1301-15.
Kimura T, Yasui N, Ohsawa S, O n o  K. ChondrocyLcs 
embedded in collagen gels m aintain  cartilage phenotype 
during long-term cultures. Clin O rthop  1984; 186; 231-9,
Malemud C J, Stevenson S, M chraban F, Papay R S, Purchio 
A F, Goldberg V M. T he  proteoglycan synthesis reper­
toire o f  rabbit chondrocytes m aintained in type II colla­
gen gels. Osteoarthr Cartil 1994; 2: 29-42.
Munkin H J. The response o f  articular cartilage to mechani­
cal injury, J Bone Joint Surg (A m ) 1986; 64: 460-6.
Natlianson M A. In vilro pro teoglycan  synthesis in response 
to extracts of dem inera li/ed  bone. Clin Orthop 1994; 299: 
2 6 3 -8 L
Reddi A 11. Cell biology and biochemistry  of enchomlral 
hone development. Collagen Rel Res 1981; 1: 209-26.
Robinson D, Halperin N, N e v o Z ,  R egenerating  hyaline car­
tilage in articular defects o f  old chickens using implants 
of embryonal chick chondrocytes em bedded in a new nat­
ural delivery substance. C alc if  T issue  Ini 1990; 46; 246-
53.
Sakano S, Murata Y, Miura T, Iwata IK Sato K, Malsui N, 
Seo H. Collagen and alkaline phosphatase gene expres­
sion during bone m orphogenetic  prole in (BMF)-i»dueed 
cartilage and bone differentiation. Clin Orlhop 1993; 292: 
337-44.
S ch o rS  L. Cell proliferation and m igra tion  on collagen su b ­
strata in vilro. J Cell Sei 1980; 41: 159-75.
Sehuman L, Buma P. de M an B, van  tier Kraan P M, van den 
Berg W B, Hom m inga G N. In vitro  ehondrocyle behavi­
or within different types  o f  co llagen  gel. Biomaterials 
1995; 16: 809-14.
556 Acta Orthop Scand 1995; 66 (6): 549-556
Speer D P, Chvapil M, Volz R G. Enhancement of healing in 
osteochondral defects by collagen sponge implants. Clin 
Orthop 1979; 144:326-35.
Urist M R, Mikulski A, Boyd S D. A chemosterilized anti­
gen extracted autodigestcd alloimplunt lor bone banks. 
Arch Surg 1075; 110 (4): 416-28.
Urist M R. Mikulski A, Lietze A. Solubilized and insolubi­
lized bone morphogenetic protein. Proc Nall Acad Sei 
USA 1979; 76 (4): 1828-32.
Wakitani* 5, Kirn uni T, Hirooka A, Ochi T, Yoneda M. 
Repair of rabbit articular surfaces with allograft chon­
drocytes embedded in collagen gel. J Bone Joint Surg 
(Br) 1989; 71: 74-80.
Wakilnni S, Goto T, Pineda S J, Young R G, Mansour J M, 
Captan A I, Goldberg V. Mesenchymal cell-based repair 
of large, fulMhickness defects of articular cartilage. J 
Bone Joint Surg (Am) 1994; 76; 579-92.
Yasui N, Osawa S, Ochi T, Nakashima H, Ono K. Primary 
culture of chondrocytes embedded in collagen gels. Exp 
Cell Biol 1982; 50; 92-100.
